ABSTRACT
INTRODUCTION
Of the millions of sperm released into the mammalian reproductive tract following insemination, only thousands pass through the uterotubal junction into the oviductal isthmus, where they form a reservoir [1, 2] . These sperm reservoirs have been found in cattle [3, 4] , horses [5] , pigs [6] , mice [7] , hamsters [8] , and sheep [9] . In these species, sperm are trapped to form the reservoir by being bound to the oviductal epithelium. The sperm plasma membrane overlying the acrosome interacts with the surface of the mucosal epithelium, often via the cilia [2, 7, 8] .
The oviductal sperm reservoir may serve a number of important functions. First may be the prevention of poly- spermic fertilization by allowing only a few sperm to reach the site of fertilization in the ampulla. Increased rates of polyspermy have been observed in pigs following surgical insemination directly into the oviduct [10] or by resecting the oviduct to bypass the reservoir [11] . Second, the oviductal reservoir may prolong the viability and maintain the fertility of sperm between the times of insemination and ovulation. Both bull [12, 13] and stallion [14] sperm have demonstrated prolonged motility, viability, and fertilizing capacity following incubation and direct contact with oviductal epithelium in vitro. Third, the reservoir may facilitate the regulation of capacitation and the induction of hyperactivated motility [14, 15] , ensuring that these events proceed at appropriate times.
Current evidence suggests that sperm binding is mediated by specific, but different, carbohydrate ligands in the species studied so far. Fetuin and its terminal sugar sialic acid were found to inhibit binding of hamster sperm to epithelium [16] , while galactose blocked binding of stallion sperm to oviductal epithelial cells [17] . Bull sperm binding to oviductal explants is calcium dependent [18] and is blocked by fucoidan, its component sugar fucose [18, 19] , and to a greater extent by fucose in an ␣-1,4 linkage [18] as found in the trisaccharide Le a (␣-L-Fuc [1, 4] 
. Pretreatment of bovine oviductal epithelium with fucosidase reduces sperm binding [19] . These studies point to the involvement of molecules with demonstrable carbohydrate specificities, similar to the widely studied group of carbohydrate-binding proteins known as lectins. Thus, bull sperm appear to have on their surface a lectin-like molecule that binds to a fucosylated ligand that resembles Le a .
This study was undertaken to isolate and characterize the fucose-binding protein present on bull sperm plasma membranes. Extracts of sperm plasma membranes were fractionated by affinity chromatography using immobilized Le a trisaccharide and analyzed by gel electrophoresis. This purification scheme was based on the finding that Le a is the most effective inhibitor of sperm binding [18] . In addition, because it has been demonstrated that capacitated sperm lose binding affinity for oviductal epithelium [19, 20] and fucose [21] , the effects of capacitation on the fucose-binding protein were examined. Studies were also undertaken to determine the effects of isolated sperm proteins on sperm binding to oviductal epithelium.
MATERIALS AND METHODS

Media and Chemicals
Routine laboratory chemicals, galactose-BSA-fluorescein isothiocyanate (FITC) and BSA-FITC were purchased from Sigma-Aldrich (St. Louis, MO). Agarose-conjugated streptavidin, dialysis materials, and SuperSignal enhanced chemiluminescence supplies were from Pierce (Rockford, IL); Le a -polyacrylamide (PAA)-biotin was obtained from GlycoTech Corp. (Rockville, MD). Electrophoresis reagents and protein assay kits were from Bio-Rad (Hercules, CA) except that ampholines were from Fluka (Milwaukee, WI). Protein electrophoresis markers were from New England BioLabs (Beverly, MA). Fucose-BSA-FITC conjugates were prepared by the BioResource Center of Cornell University using ␣-L-fucopyranosyl isothiocyanate, BSA, and FITC [22] . A modified Tyrode balanced salt solution, termed sperm-TALP [18, 23] , was used as the medium for semen dilution and sperm incubation during capacitation and labeling experiments. TALP consisted of 99 mM NaCl, 3.1 mM KCl, 25 mM NaHCO 3 , 0.35 mM NaH 2 PO 4 , 10 mM Hepes, 2 mM CaCl 2 , 1.1 mM MgCl 2 , 21.6 mM sodium lactate, 1.1 mg/ml sodium pyruvate, 6 mg/ml BSA, and 1 g/ml gentamycin (pH 7.4, 290 mOsm/kg). Protease inhibitors (Complete-EDTA-free) were from Boehringer Mannheim (Indianapolis, IN) and were used at the manufacturer's recommended concentration.
Sperm and Seminal Plasma Preparation
Bovine semen was kindly provided by Genex/CRI (Ithaca, NY). Semen, either undiluted for seminal plasma isolation or diluted fivefold with TALP, was transported to the laboratory shortly after collection in a 37ЊC water jacket. For capacitation and labeling studies, sperm were recovered by centrifugation (170 ϫ g for 10 min), washed twice with TALP warmed to 39ЊC and equilibrated against humidified 5% CO 2 in air, and diluted to 30 ϫ 10 6 sperm per ml prior to subsequent additions.
Following the addition of the protease inhibitor cocktail, seminal plasma was recovered from semen by centrifugation at 6000 ϫ g for 20 min at 4ЊC and filtered (0.2 m cellulose acetate) to remove particulates. Protein content was determined using a Bio-Rad DC Protein Assay kit with BSA as the standard. Aliquots (100 l at a concentration of 42 mg protein/ml) of clarified seminal plasma were stored at Ϫ20ЊC until needed for PAGE analysis, ligand blotting, or affinity chromatography.
Sperm Extraction
Sperm were recovered from TALP diluent as described above and washed three times with protein-free Hepes-balanced salt solution (HBS) supplemented with protease inhibitors. HBS consisted of 25 mM Hepes, 130 mM NaCl, 5 mM KCl, 0.36 mM NaH 2 PO 4 , 0.49 mM MgCl 2 , and 2.4 mM CaCl 2 (pH 7.4, 290 mOsm/kg). All applications of HBS included protease inhibitors. Washed sperm were resuspended in HBS at 2 ϫ 10 8 per ml. An equal volume of 1 M KCl or 1/10 volume of detergent (5% Tween-20, 10% SDS, 5% Triton X-100, 1% sodium deoxycholate, 80 mM CHAPSO, or 100 mM deoxyBIGCHAP) in HBS was added, and sperm were extracted by gentle mixing on a rotary shaker for 1 h at 4ЊC. Following extraction, sperm were removed by centrifugation and discarded. Extracts were clarified by filtration through 0.2-m cellulose acetate filters, assayed for protein content, and stored at Ϫ20ЊC.
Le a Affinity Chromatography
An affinity chromatographic support was constructed by binding 100 g of the biotinylated polyacrylamide-type glyconjugate (Le a -PAA-biotin: a linear polyacrylamide polymer of approximately 30 kDa containing 5% mol biotin and 20% mol Le a trisaccharide) per ml of streptavidin-agarose slurry (binding capacity ϭ 22 units biotin/ml gel). Unbound glycoconjugate was removed by extensive washing with HBS, and the support was packed into minicolumns with a bed volume of 1 ml each and equilibrated with HBS. Sperm extracts were concentrated 50-fold using centrifugal microconcentrators (molecular weight cut-off, 10 kDa) before applying 100 g protein per column. Proteins were allowed to bind to the support for 30 min, and the passthrough was reapplied twice. Columns were washed with 10 volumes of HBS to remove unbound materials, and bound proteins were eluted with five column volumes of HBS supplemented with 10 mM EGTA and 100 mM fucose. For labeling experiments, eluates were concentrated and dialyzed against HBS; for PAGE and blot analyses, eluates were dialyzed against 0.1% SDS and concentrated to approximately 250 g/ml.
Sperm Capacitation
Sperm, prepared as described above, were capacitated by the addition of an equal volume of 20 g/ml heparin in TALP (final concentrations: 10 g/ml heparin, 15 ϫ 10 6 sperm per ml). Aliquots of 0.5 or 0.1 ml were incubated for 4 h at 39ЊC, 5% CO 2 in microfuge tubes. Under these conditions, we routinely achieve 60-70% capacitation as judged by lysophosphatidylcholine (LPC)-induced acrosome reactions [24] , assessed by dual staining with naphthol yellow and erythrosin B [25, 26] . Following capacitation, sperm were either washed three times with HBS and extracted with 0.5 M KCl as described above, or used for labeling and fluorescent microscopy. For some labeling assays, sperm were also incubated for 0 or 4 h in TALP alone, in TALP plus heparin, or in TALP plus heparin plus 5 mM glucose, which has been shown to inhibit heparin-induced capacitation of bull sperm [27] .
Fluorescent Labeling of Sperm
Sperm were capacitated with heparin as described above or incubated for 4 h in TALP alone (noncapacitated control). Aliquots of 100 l containing 1.5 ϫ 10 6 capacitated or noncapacitated sperm were centrifuged, washed with TALP, recentrifuged, resuspended in TALP containing 20 g/ml protamine sulfate, and incubated for 5 min to reverse heparin-induced aggregation [28] . Following an additional wash to remove protamine sulfate, capacitated sperm were resuspended in 100 l TALP supplemented with 250 g/ ml protein derived from Le a affinity chromatography of sperm KCl extracts or in TALP alone. Noncapacitated sperm that were also treated with protamine sulfate were resuspended in TALP alone. After a 15-min incubation in affinity-purified protein or TALP alone, sperm were washed again and then labeled for 10 min with fucose-BSA-FITC (final concentration, 111 g/ml). Motile sperm (100 per treatment) were assessed for labeling in a double-blind fashion, and the data were expressed as percent live sperm labeled over the acrosomal region. A Zeiss Axiovert (Carl Zeiss, Thornwood, NY) epifluorescence microscope was used with an FITC filter set (Chroma Technology Corp., Brattleboro, VT) along with low-level red transmitted light to visualize unlabeled sperm. Replicate experiments were performed on separate days using fresh sperm from three different bulls and protein preparations from an additional three bulls.
Polyacrylamide Gel Electrophoresis
SDS-PAGE was performed according to the method of Laemmli [29] . For two-dimensional analysis, protein sam-FIG. 1. SDS-PAGE of membrane extracts and affinity chromatography fractions from fresh and capacitated sperm. A) Washed, fresh sperm were extracted using a battery of detergents and 0.5 M KCl in Hepes-balanced salts and subjected to affinity chromatography using immobilized Le a trisaccharide. Lanes 1-7: extracts using Na deoxycholate, CHAPSO, BIG-CHAP, Tween-20, SDS, KCl, and Triton X-100. Lanes A-G: Le a affinity column isolates of the respective extracts. Arrow indicates a 16.5-kDa candidate for the fucose-binding protein. B) KCl extracts from control or capacitated sperm were prepared as above and subjected to Le a affinity chromatography. Less protein (arrow) was recovered on a per-sperm basis from capacitated sperm (lane 1) than from those incubated in TALP alone (lane 2).
ples were dissolved in sample buffer containing 10 M urea, 3% (w/v) 3-[(3-cholamidopropyl)dimethylammonium]-1-propanesulfone (CHAPS), 5% (v/v) 2-mercaptoethanol, and 2% (w/v) ampholines, pH 5-7 and 3-10 at 4:1. Proteins were resolved in the first dimension by isoelectric focusing for 10 000 Vh [30, 31] with slight modifications. Tube gels (2 ϫ 110 mm) consisted of 3.7% (w/v) acrylamide, 0.32% (w/v) N,NЈ-diacryloylpiperazine (PDA), 3% (w/v) CHAPS, and 2% (w/v) ampholines (pH 5-7, 3-10 at 2:1). After isoelectric focusing, gel rods were extruded and equilibrated for 10 min in 0.125 M Tris-HCl (pH 8.8), 2% (w/v) SDS, 10% (v/v) glycerol, and 5% (v/v) 2-mercaptoethanol. They were then affixed to the second-dimension SDS slab gels previously overlaid with a 3.5% stacking gel. The pH gradient was determined by cutting focused blank gels into 4-mm segments, incubating them in 1 ml H 2 O overnight, and measuring the pH with a glass electrode. Gels were stained with silver nitrate [32] or further processed for blotting.
Ligand Blotting
Total proteins from seminal plasma or KCl-extracted sperm were immobilized on polyvinylidene difluoride (PVDF) membranes following one-dimensional or two-dimensional PAGE [33] . Fucose-binding proteins were detected by probing blots with a biotinylated Le a polyacrylamide glycoconjugate. Briefly, blots were incubated overnight at 4ЊC in binding buffer (2 mM CaCl 2 , 1 mM NiCl 2 , 154 mM NaCl, and 0.05% [v/v] Tween-20) to block any nonspecific sites and to renature blotted proteins [34] . Membranes were probed at room temperature with 2 g/ ml Le a -PAA-biotin in binding buffer for 2 h, followed by three 10-min washes. Streptavidin-horseradish peroxidase (500 ng/ml) was applied to the membrane for 1 h followed by additional washes. Visualization of Le e -binding proteins was by enhanced chemiluminescence and/or development using diaminobenzidine (DAB) with NiCl 2 enhancement [35] .
Inhibition of Sperm Binding to Oviductal Explants
Explants of oviductal epithelium were prepared as previously described [20, 21] . Briefly, bovine oviducts collected from a local abattoir were washed and transported on ice to the laboratory in PBS containing penicillin and streptomycin. The isthmic portion of the oviduct was isolated and dissected free of mesosalpinx. Oviductal epithelium was obtained by gently milking the isthmus with tweezers, collected into TALP medium, and broken into smaller pieces by pipetting. The pieces were centrifuged for 1 min (170 ϫ g) to remove red blood cells, transferred to fresh TALP, and incubated overnight at 39ЊC, 5% CO 2 to allow formation of vesicles with the apical surfaces facing outward, termed explants.
To examine the role of the purified protein on sperm binding to oviductal epithelium, 50 l of explant suspension were transferred to Eppendorf tubes containing affinity-purified protein, proteins that did not bind to the Le a affinity column (pass-through), or HBS buffer alone. Treated explants were incubated for 20 min before the addition of washed, fresh sperm and then incubated for 15 min to allow sperm to bind. Assay conditions included 5 ϫ 10 6 sperm per ml and 240 g/ml added protein in a final volume of 170 l. Loosely bound sperm were removed after 15 min by gentle pipetting through a series of three TALP droplets under silicon oil in a petri dish.
Explants were viewed on a 39ЊC microscope stage using a Zeiss Axiovert microscope (Carl Zeiss Inc., Thornbrook, NY) with a 30ϫ Hoffman modulation objective (Modulation Optics, Greenvale, NY) and a 1.6ϫ magnifier. Videotaping was conducted using a black and white video camera (model CCD72; Dage-MTI, Inc., Michigan City, IN) in combination with a Panasonic AG-7300 Super-VHS videocassette recorder (Panasonic Industrial Co., Secaucus, NJ). Several microscope fields of each treatment group were recorded. Videotapes were then reviewed using an AppleTalk Video Player, and the number of sperm bound was assessed using playback mode. The surface area of the explants was determined by employing National Institutes of Health (NIH) Image (internet-based free-ware at http:// rsb.info.nih.gov/nih-image/). Binding density was calculated by determining the number of sperm bound per (0.1 mm) 2 of explant.
Amino Acid Sequencing
Le a affinity-purified protein was further purified by twodimensional PAGE and stained with Coomassie blue G-250. A single protein of 16.5 kDa and an estimated pI of 5.8 was excised from the gel and submitted to TopLab GmbH (Martinsried, Germany) for partial amino acid sequencing. Gel plugs were digested in situ with trypsin, and the resultant fragments were separated by reverse-phase HPLC and sequenced by automated Edman degradation using an ABI 490 N-terminal amino acid sequencer. Sequences obtained were analyzed using the basic local alignment search tool (BLAST) program of the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/ BLAST/).
RESULTS
Total protein content of detergent and KCl extracts of fresh sperm ranged from 400 to 700 g for each billion sperm extracted. When resolved by SDS-PAGE, the proteins exhibited a varied range of species (Fig. 1A, lanes 1-7) depending on the method of extraction. Following dialysis and concentration, 100 g protein from each extract were applied to Le a affinity columns. The columns were extensively washed with HBS and bound proteins were eluted with HBS supplemented with L-fucose (100 mM) and EGTA (10 mM). Bound and eluted fractions were an- alyzed by SDS-PAGE. As seen in Figure 1A , lane F, a polypeptide of approximately 16.5 kDa was observed only in eluates originating from 0.5 M KCl extracts of sperm. Therefore, all subsequent sperm extractions employed 0.5 M KCl, and the use of detergents was discontinued.
As demonstrated in Figure 2 , the density of sperm bound to oviductal epithelial explants was significantly reduced in the presence of 240 g/ml affinity-purified protein when compared to buffer (HBS) alone or 240 g/ml sperm-derived proteins that failed to bind to the Le a affinity column.
To determine the effect of capacitation on the abundance of the Le a -binding protein, equal numbers of sperm (5 ϫ 10 8 ) were incubated for 4 h in capacitating medium (10 g/ ml heparin in TALP) or in TALP alone prior to 0.5 M KCl extraction and Le a affinity chromatography. SDS-PAGE of the resultant extracts revealed a decrease in the amount of protein recovered from capacitated sperm (Fig. 1B) , suggesting that capacitation results in either a loss of the protein from the sperm surface or an alteration of its fucosebinding ability.
The effect of heparin capacitation on fucose labeling of live sperm can be seen in Figure 3 . Sperm were assessed for fucose-BSA-FITC labeling immediately (0 h) or after 4 h incubation in capacitation medium or capacitation medium containing 5 mM glucose to inhibit capacitation. While nearly all uncapacitated sperm were labeled, capacitation with heparin reduced fucose-BSA-FITC labeling by greater than 60%. When capacitated sperm were treated with 250 g/ml Le a affinity-purified protein, labeling with fucose-BSA-FITC was restored to the levels of uncapacitated sperm (Fig. 4) . Few sperm labeled at 0 h with galactose-BSA-FITC (mean Ϯ SEM % live sperm labeled: TALP, 8.87 Ϯ 3.3; TALP ϩ heparin, 1.33 Ϯ 1.25, n ϭ 3). The observations that the putative fucose-binding protein of bull sperm can be easily removed by 0.5 M KCl (Fig.  1) and that it appears to reassociate with sperm to confer fucose labeling (Fig. 4) suggested that the protein may be a peripheral protein derived from seminal plasma. Accordingly, seminal plasma was recovered from fresh ejaculates as described above, and its constituent proteins were resolved by one-and two-dimensional PAGE. Following transfer of proteins to PVDF, the membranes were probed with the polyacrylamide-type glycoconjugate Le a -PAA-biotin to detect fucose-binding moieties. One-dimensional blots (Fig. 5, right panel) revealed the presence of a candidate lectin of approximately 16.5 kDa. When both seminal plasma proteins and sperm KCl extracts were resolved by two-dimensional PAGE and similarly probed, a single polypeptide of 16.5 kDa and an apparent pI of 5.8 was seen (Fig. 5) . No proteins were detected when blots were probed in the presence of 10 mM EGTA, as expected, because sperm binding to epithelium is Ca 2ϩ -dependent [18] (data not shown). Seminal plasma proteins and sperm KCl-extracted proteins were again resolved by two-dimensional PAGE and stained to obtain a more detailed polypeptide profile and to identify the lectin candidate. Figure 6 demonstrates the complex array of protein in each sample as well as the position of the Le a -binding protein as determined from identical ligand blots.
A 19-amino acid tryptic fragment of the protein purified from sperm extracts yielded the sequence IG-SMWMCSLSPNYDKDR, and a second fragment was partially sequenced (DQDEGVS) to provide additional data. A BLAST search of available databases indicated identical matches (Fig. 7) between the two sequences obtained and PDC-109 (BSP-A1/A2), a bovine seminal plasma protein of seminal vesicle origin (accession no. P02784).
DISCUSSION
The results presented here demonstrate that a fucosebinding protein believed to be responsible for formation of the bovine oviductal sperm reservoir is present on sperm and in seminal plasma. Previous studies have shown that sperm binding to bovine oviductal epithelial cells involves fucose recognition [18, 19] mediated by a Ca 2ϩ -dependent lectin-like molecule associated with the sperm plasma membrane. Noncapacitated bovine sperm have been shown to bind fucose to the periacrosomal plasma membrane [18, 21] , while capacitated sperm lose binding affinity for fucose [21] . When sperm were incubated for 0 or 4 h in TALP, TALP ϩ heparin, or TALP ϩ heparin ϩ glucose (to inhibit capacitation), only those sperm incubated in TALP ϩ heparin for 4 h showed reduced labeling with fucose-BSA-FITC. This indicates that only capacitation, not heparin per se or long-term incubation, reduces the ability of sperm to bind fucose.
Using affinity chromatography on immobilized Le a (a fucose-containing trisaccharide that is a potent inhibitor of bull sperm binding to oviductal epithelium [18] ), we have isolated a protein of 16.5 kDa with an estimated pI of 5.8 from sperm extracts. A protein of identical size and pI was labeled by biotinylated Le a on blots of two-dimensional PAGE gels of sperm extracts and seminal plasma proteins. The absence of Le a labeling in the presence of 10 mM EGTA suggests a Ca 2ϩ requirement as reported for sperm binding to oviductal explants in vitro [18] .
Heparin-capacitated sperm exhibit greatly reduced binding to oviductal epithelial cell explants [36] , suggesting that the Le a -binding protein is lost or modified during the process. When extracts of capacitated bovine sperm were fractionated by affinity chromatography and SDS-PAGE, we recovered less of the protein on a per-sperm basis than from noncapacitated sperm. Whether this was due to actual loss of protein from the sperm membrane or to a reduction in its Le a -binding ability is yet to be determined. Because capacitated sperm not only fail to bind to oviductal cells, but also lose the ability to bind fucose [21] , we determined the effect of adding affinity-purified protein to capacitated sperm on their ability to bind fucose. When capacitated sperm were incubated with the purified protein prior to labeling with fucose-BSA-FITC, they exhibited increased labeling as compared to untreated capacitated sperm, restoring labeling to roughly 75% of that seen with noncapacitated sperm. This indicates that the purified protein adsorbed to the surface of the capacitated sperm, compensating for the loss or modification of sperm surface protein during capacitation. The finding that the protein purified from sperm competitively inhibits sperm binding to oviductal explants further suggests that it plays a significant role in the formation of the oviductal sperm reservoir.
Several lines of evidence point to the protein being a peripheral protein derived from accessory gland fluids rather than being an intrinsic membrane protein. First, it could be removed from sperm by high salt extraction as shown here and as suggested by the observation that sperm washed by centrifugation through a Percoll density gradient exhibit diminished fucose binding [21] . Second, the protein can be detected in seminal plasma. Third, the affinity-purified protein can associate with capacitated sperm to restore fucose binding. Fourth, because seminal plasma has previously [21] been shown to inhibit labeling of washed bovine sperm with fucose-BSA-FITC, it is likely that the observed inhibition of labeling was due to excess soluble lectin in seminal plasma.
The identification of the protein isolated from sperm as PDC-109 supports these conclusions. At a concentration of 15-20 mg/ml, PDC-109 is the most abundant protein in bovine seminal plasma [37] and is synthesized by epithelial cells of the seminal vesicles [37] . It occurs in a glycosylated (BSP-A1) and a nonglycosylated (BSP-A2) form and is a member of a related family of seminal plasma proteins that includes BSP-A3 and BSP-30. BSPs comprise the major heparin-binding proteins of bovine seminal plasma and contain two tandem fibronectin type II (gelatin-binding) domains [38] . At ejaculation, PDC-109 associates with choline phospholipids on the sperm head [39] . It may mediate capacitation by stimulating cholesterol and phospholipid efflux [40] . While the mechanism by which PDC-109 modulates capacitation is unclear, when purified PDC-109 was used to treat epididymal sperm, it resulted in a concentration-dependent stimulation of capacitation by heparin [41] . Although an affinity for fucose has not been tested, 1 H-NMR solution structure studies [42] of PDC-109 have identified a depression in its molecular surface that may define a potential ligand-binding site.
In summary, we have isolated a 16.5-kDa fucose-binding protein from bull sperm that may be the lectin-like protein responsible for enabling sperm to bind to oviductal epithelium, thus creating a sperm reservoir. This protein is either lost or loses its affinity for fucose when sperm are capacitated, which may account for their release from the epithelium. Fucose binding can be restored to capacitated sperm by treating them with the purified protein, suggesting that it is a peripheral protein adsorbed by sperm when they are exposed to secretions of the seminal vesicles. Lastly, the presence of this protein in seminal plasma may account for the ability of seminal plasma to inhibit fucose binding in sperm and could serve in vivo to prevent sperm from being trapped before reaching the oviduct.
